The role of long noncoding RNA (lncRNA) HOX transcript antisense RNA (HOTAIR) and its functional single nucleotide polymorphisms (SNPs) in papillary thyroid carcinoma (PTC) is still largely unclear. Therefore, we investigated the involvement of lncRNA HOTAIR and its three haplotype-tagging SNPs (htSNPs) in PTC. There was higher expression of HOTAIR in PTC tissues compared to normal tissues. A series of gain-loss assays demonstrated that HOTAIR acts as a PTC oncogene via promoting tumorigenic properties of PTC cells. Additionally, the functional HOTAIR rs920778 genetic variant was a PTC susceptibility SNP. Subjects with the HOTAIR rs920778 TT genotype had an odds ratio (OR) of 1.88, 1.25 and 1.61 (P = 6.0 × 10 −6 , P = 0.028 and P = 3.2 × 10 −5 ) for developing PTC in Shandong, Jiangsu and Jilin case-control sets compared with subjects with the CC genotype. This statistically significant associations were only found between the rs920778 genetic polymorphism and PTC risk in females but not in males. The allele-specific regulation on HOTAIR expression by the rs920778 SNP was confirmed both in vitro and in vivo. Our results demonstrate that functional SNPs influencing lncRNA regulation may explain a part of PTC genetic basis.
As the most common endocrine malignancy, thyroid carcinoma showed quickly increased morbidity over last two decades. The Chinese Cancer Registry reported that the incidence of thyroid carcinoma is 6.6 per 100,000 individuals in China 1 . Among all patients with thyroid carcinoma, about eighty percents carried papillary thyroid carcinoma (PTC) which was named for its papillary histological architecture. Multiple risk factors of PTC have been identified, such as ionizing radiation, nodular disease of the thyroid and family history 2 . However, not all exposed individuals finally developed PTC, indicating that genetic makeup may also be involved in etiology of PTC 3 . New insights into the pathogenesis of this malignant disease are therefore needed. Long noncoding RNAs (lncRNAs) comprise a very heterogeneous subclass of RNAs that were firstly described by the genome-wide sequencing of cDNA libraries of the mouse genome 4 . It is becoming clear that a large number of lncRNAs are key regulators of physiology and the processes of diseases such as cancers, despite so often being branded as transcriptional noise 4 . LncRNA HOX transcript antisense RNA (HOTAIR) is coded from the homebox C gene (HOXC) locus and involved in development and progression of multiple malignances [4] [5] [6] [7] [8] [9] [10] [11] . As one of the trans-regulatory lncRNAs, HOTAIR facilitates aberrant PRC2 function by increasing PRC2 recruitment to the genomic positions of target genes and, thus, promotes malignant transformation and cancer cell metastasis [4] [5] [6] [7] [8] [9] [10] [11] . In line with this, HOTAIR is upregulated in cancer tissues and overexpression of HOTAIR might be an independent predictor of overall survival and progression-free survival 4, 5 . All these reports elucidate the involvement of HOTAIR during carcinogenesis. However, it is still largely unclear how HOTAIR is involved in malignant transformation of thyroid cells. Therefore, we examined its expression in tissue specimens of PTC and normal thyroid tissues and elucidated its oncogene nature in PTC cells.
In two previous studies, we reported the functional significance of the lncRNA HOTAIR single nucleotide polymorphisms (SNP) in esophageal squamous cell carcinoma (ESCC) and gastric cancer 12, 13 . We found that the HOTAIR rs920778 TT genotype was significantly associated with increased risk of ESCC and gastric cancer 12, 13 . During inspecting functional relevance of the rs920778 SNP, we identified a novel intronic HOTAIR enhancer locating between + 1719 bp and + 2353 bp from the transcriptional start site through dual luciferase reporter gene assays. Moreover, there is an allelic regulation of rs920778 on lncRNA HOTAIR expression via this enhancer in both ESCC and gastric cancer, with higher HOTAIR expression among T allele carriers. To date, little or nothing has been known on how HOTAIR SNPs are involved in etiology of PTC. On the basis of our previous findings, we hypothesized that the functional genetic variants in the HOTAIR gene may affect HOTAIR expression and influence consequential risk of developing PTC. To test this hypothesis, we genotyped three HOTAIR haplotype-tagging SNPs (htSNP) in three large independent case-control sets to examine the association between HOTAIR genotypes and PTC risk. The regulatory functions of the PTC susceptibility SNP rs920778 on HOTAIR expression was then investigated in PTC cell lines and in patient tissue specimens.
Materials and Methods
Real-time analyses of lncRNA HOTAIR. Total cellular RNA was isolated from culture cells, sixty pairs of PTC tissues and normal specimens adjacent to the tumors with TRIzol Reagent (Invitrogen, US) and treated with RNase-Free DNase to remove genomic DNA (Invitrogen). Each RNA sample was reverse transcribed into cDNA with Revert Ace kit (TOYOBO, Osaka, Japan). Relative gene expression of lncRNA HOTAIR in tissues was analyzed using the SYBR-Green real-time quantitative PCR method. The expression of HOTAIR of individual specimen was calculated relative to expression of β-actin mRNA using the 2 −dCt method as described previously [12] [13] [14] [15] . All qPCR was carried out using the ABI 7500 real-time PCR system in triplicates.
Cell proliferation assays. Human PTC BCPAP or HEK293 cells were cultured in RPMI 1640 medium (Invitrogen) supplemented with penicillin-streptomycin and 10% fetal bovin serum (Hyclone, US) at 37 °C with 5% CO 2 . Cells were seeded in a 12-well plate at a density of HOTAIR SNP genotyping. Three HOTAIR htSNPs (rs920778, rs1899663, and rs4759314) were selected and genotyped as described previously 12, 13 . SNP genotyping was performed without knowledge of patient or control status. A 15% random sample was reciprocally tested by different individuals, and the reproducibility was 99.7%.
Dual luciferase reporter assay. The intron 2 region of HOTAIR (from + 1463 bp to + 2353 bp, relative to the transcription start site) was amplified with human genomic DNA from healthy controls to build intronic enhancer reporter constructs as described previously 12, 13 . The p-C construct (the rs920778C allele) and p-T (the rs920778T allele) constructs were identical, except for the different allele at the rs920778 polymorphic site. The reporter gene constructs pGL3-Basic, p-C, or p-T as well as pRL-SV40 (Luciferase Assay System; Promega) were co-transfected into PTC cell line BCPAP cells or HEK293 cells. Both firefly luciferase activity and renilla luciferase activity were measured at 48 h after transfection using a dual luciferase assay system (Promega) as previously described [12] [13] [14] [15] . For each plasmid construct, three independent transfection experiments were performed, and each was done in triplicates.
Statistics. Pearson's χ 2 test was used to examine the differences in demographic variables and genotype distributions of HOTAIR htSNPs between PTC cases and controls. Associations between HOTAIR genotypes and PTC risk were estimated by odds ratio (OR) and their 95% confidence intervals (CIs) computed using the unconditional logistic regression model. All ORs were adjusted for age and sex, where it was appropriate. A P value of Scientific RepoRts | 6:31969 | DOI: 10.1038/srep31969 less than 0.05 was used as the criterion of statistical significance. All statistical tests were two-sided and performed with the SPSS software package (Version 16.0, SPSS Inc., Chicago, IL).
Results
By detecting HOTAIR RNA expression in sixty paired PTC and normal tissues, we found higher expression of HOTAIR in PTC tissues compared to normal tissues (P < 0.05) (Fig. 1A) . In BCPAP or HEK293 cells, ectopic expression of lncRNA HOTAIR significantly promoted cell proliferation (Fig. 1B,C) . On the contrary, depletion of endogenous HOTAIR expression significantly suppresses PTC cell proliferation (Fig. 1D) . In line with cell viability assays, HOTAIR is able to promote colony formation in both BCPAP and HEK293 cells (Fig. 1E) . These results are consistent to the role of HOTAIR in other malignances, indicating the oncogene nature of HOTAIR in PTC development.
Considering the important involvement of genetic polymorphisms in regulating expression of HOTAIR, we next investigated the association between three HOTAIR htSNPs (rs920778 C> T, rs1899663 G> T, and rs4759314 A> G) and PTC susceptibility in a case-control design. A total of three case-control sets were included in the current study. There are no statistically significant differences between PTC cases and controls for all three sets in terms of median age and sex distributions (all P > 0.05), indicating that the frequency matching was adequate (Supplementary Table 1 ). Allele frequencies and genotype distributions of HOTAIR htSNPs in cases and controls from the Shandong training set are showed in Table 1 . The allele frequencies for rs920778 T, rs1899663 T and rs4759314 G were 0.304, 0.138, and 0.052 in cases and 0.206, 0.166, and 0.041 in controls in Shandong training case-control set. All observed genotype frequencies in both cases and controls conform to Hardy-Weinberg equilibrium. Distributions of the rs920778, rs1899663 and rs4759314 genotypes were compared between cases and controls. Frequencies of rs920778 CC, CT, and TT genotypes among PTC cases differed significantly from those among controls (χ 2 = 30.68, P = 3.0 × 10 −8 , df = 2), with the frequency of TT homozygote being significantly higher among patients than among controls (8.8% vs. 3.2%). However, no statistically significant differences of rs1899663 and rs4759314 genotypes were observed between cases and controls (both P > 0.05). As a result, we did not do further investigations on these two genetic polymorphisms.
Associations between genotypes of HOTAIR rs920778 and PTC risk were firstly estimated in Shandong training set ( Table 2 ). The rs920778 T allele was shown to be risk allele. Subjects with the rs920778 TT genotype had an OR of 1.88 (95% CI = 1.43-2.47, P = 6.0 × 10 −6 ) for developing PTC in Shandong population compared with subjects with the CC genotype. This association was successfully validated in the other two independent case-control sets (Jiangsu set: OR = 1.25, 95% CI = 1.02-1.53, P = 0.028; Jilin set: OR = 1.61, 95% CI = 1.28-2.01, P = 3.2 × 10 −5 ) ( Table 2) . Interestingly, the rs920778 CT genotype was also significantly associated with increased PTC risk compared to the rs920778 CC genotype in all three sets (Shandong: OR = 1.60, 95% CI = 1.26-2.03, P = 1.2 × 10 −4 ; Jiangsu: OR = 1.22, 95% CI = 1.01-1.47, P = 0.038; Jilin: OR = 1.30, 95% CI = 1.06-1.60, P = 0.014). In the pooled analyses, the rs920778 CT or TT genotype carriers showed a 1.40-fold or 1.66-fold increased PTC risk compared with the CC genotype carriers (95% CI = 1.21-1.63, P = 7.8 × 10 −6 or, 95% CI = 1.41-1.95, P = 8.1 × 10 −10 ) ( Table 2 ). The PTC risk associated with the rs920778 genetic variant was further examined by stratifying for age and sex using the combined data of three case-control sets (Table 3) . Statistically significant associations were found between the rs920778 genetic polymorphism and PTC risk only in females but not in males, with OR of CT genotype or TT genotype equaling to 1.46 (95% CI = 1.22-1.73, P = 2.1 × 10 −5 ) or 1.75 (95% CI = 1.45-2.10, P = 2.4 × 10 −9 ). Significant associations between rs920778 CT or TT genotype and PTC risk were observed in all age-stratified groups (all P < 0.05) ( Table 3) .
Our previous studies demonstrated that the PTC susceptibility SNP rs920778 is a functional genetic variant located within a potential HOTAIR enhancer 12, 13 . Therefore, we investigated its regulatory potential in PTC using reporter gene assays (Fig. 2) . Both BCPAP cells or 293T cells transfected with HOTAIR rs920778T allelic reporter construct (p-T) showed significantly elevated luciferase activities compared to cells expressing rs920778C allelic reporter construct (p-C) (both P < 0.05) (Fig. 2) . We next examined whether the PTC susceptibility SNP rs920778 has an allele-specific effect on HOTAIR expression using PTC tissues. As shown in Fig. 3 , we found that subjects with the rs920778 CT or TT genotype had significantly higher HOTAIR RNA levels (mean ± SD) than those with the CC genotypes in normal tissues 
Discussion
In the current study, we investigated the oncogene role of lncRNA HOTAIR in PTC and the association between HOTAIR htSNPs and PTC risk through a two stage case-control approach. To the best of our knowledge, this is the first study to examine how lncRNA HOTAIR and its genetic polymorphisms play their role in PTC development. We found that the functional HOTAIR rs920778 SNP was a PTC susceptibility polymorphism in Chinese. Dual luciferase reporter gene assays and tissue data indicated that the rs920778 SNP in the gene enhancer impacts lncRNA HOTAIR expression in an allele-specific way, which is consistent to our previous findings in gastric cancer and esophageal cancer 12, 13 . We and others have identified multiple lncRNAs involved in PTC tumorigenesis and progression. Yoon H et al. identified a novel noncoding RNA gene, NAMA (noncoding RNA associated with MAP kinase pathway and growth arrest), that is downregulated in PTC with BRAF mutation and associated with growth arrest 16 . Jendrzejewski J et al. described a unique lncRNA named Papillary Thyroid Carcinoma Susceptibility Candidate 3 (PTCSC3) located 3.2 kb downstream of rs944289 at 14q.13.3 which is a GWAS identified PTC susceptibility region 17 . LncRNA PTCSC3 is involved in PTC development by modulating S100A4 gene expression 18 . Interestingly, a novel lncRNA papillary thyroid cancer susceptibility candidate 2 (PTCSC2) gene was found locating in another 9q22 PTC risk loci 19 . We performed a whole exome sequencing in 91 pairs PTC samples and identified a lncRNA GAS8-AS1 as novel PTC driver alternations 20 . In addition, several other lncRNAs including FAL1, LOC100507661, H19, ENST00000537266 and ENST00000426615 are involved in PTC development [21] [22] [23] [24] . . pRL-SV40 were cotransfected with these contructs to standardize transfection efficiency. Fold-changes were detected by defining the luciferase activity of cells co-transfected with pGL3-basic as 1. All experiments were performed in triplicates in three independent transfection experiments and each value represents mean ± SD. Compared with pGL3-Basic transfected cells, * P < 0.05; * * P < 0.01. However, it is still largely unknown if onco-lncRNA HOTAIR also plays a part in PTC. We found that elevated HOTAIR can promote PTC cell proliferation and silencing its expression inhibits cell growth, suggesting its oncogene nature in PTC. Our results demonstrated that HOTAIR rs920778T allele is a PTC risk allele and is associated with significantly increased HOTAIR RNA expression. Considering the oncogene role of HOTAIR in PTC, the association might be biological rational.
Multiple limitations exist in our hospital-based case-control study. For example, the hospital-based design might lead to inherent selection bias of PTC cases. Therefore, the results of our current study warrant to be validated in a population-based prospective study in the future. Moreover, the potential clinical translation of this SNP might be compromised due to the relatively low allele frequency of the rs920778 TT genotype.
In summary, we identified the involvement of lncRNA HOTAIR in PTC development and a functional PTC susceptibility SNP rs920778 in Chinese Han populations. The rs920778 C> T polymorphism leads to increased HOTAIR RNA expression, which might be the underlying mechanism in conferring PTC susceptibility. These data support the hypothesis that functional SNPs influencing lncRNA regulation may explain a part of PTC genetic basis [17] [18] [19] . Figure 3 . HOTAIR RNA expression in normal thyroid tissue specimens and PTC tissues grouped by rs920778 genotypes. The expression of individual HOTAIR RNA was calculated relative to expression of β-actin mRNA using the 2 −dCt method. * P < 0.05; * * P < 0.01.
